The exposed proteins of sarcoplasmic reticulum (SR) vesicles from skeletal muscle were iodinated with the use of Sepharose 4B-bound lactoperoxidase, so that the location of the proteins in the membrane could be determined. It was found that the pattern of protein labelling could be modified simply by changing the constituents of the incubation media. This implies that the position or configuration of a particular protein in the membrane can be altered by the local environment. When the reaction was performed in the presence of 25 mM tris-maleate, pH 7 ·0, alone, the Ca2+ pump ATPase (molecular weight 105000) and calsequestrin (47000) were both heavily labelled, suggesting they are at least partially exposed on the outer surface of the membrane. By contrast the high affinity calcium-binding protein (55000) was not labelled. However, when the vesicles were iodinated under conditions that were suitable for ATPase activity and Ca2+ accumulation, namely in the presence of 25 mM tris-maleate, pH 7 ·0, 5 mM ATP, 5 mM Mg2+ and 0·05 mM Ca2+, a different pattern of labelling was obtained. No labelling of calsequestrin was observed whereas the extent of labelling of the Ca2+ pump ATPase remained about the same. The inclusion of anyone of the additives mentioned was effective in inhibiting the iodination of calsequestrin in the SR vesicle. When added alone, Ca2+ was more effective than Mg2+ in preventing labelling of calsequestrin. Half-maximal inhibition was observed at concentrations of approximately 0·05 mM Ca 2+ and 0·2-0·3 mM Mg2+ . Although much reduced, significant labelling of calsequestrin was observed even in the presence of 5 mM ATP. Investigations with partially purified calsequestrin revealed that the iodination of calsequestrin was the same in both the presence and absence of 1 mM Ca 2 +. Therefore the reduction in label observed in intact SR vesicles probably represents a change in the location of calsequestrin within the membrane, rather than inhibition by Ca2+ of the iodination sites of the protein itself.
Introduction
Despite numerous attempts to determine the location of calsequestrin, a calciumbinding protein of the sarcoplasmic reticulum (SR) membrane, no unequivocal evidence has been obtained. A knowledge of its location within the membrane would give a clue to its function in the overall process of calcium transport. An external location for calsequestrin has been proposed by a number of workers, because it can be iodinated by a reaction catalysed by lactoperoxidase (EC 1.11.1.7) (Thorley-Lawson and Green 1973; King and Louis 1976; Chyn and Martonosi 1977; Louis and Katz 1977) . It is also readily extracted from the membrane by exposure of the vesicles to I mM ethyleneglycolbis-(aminoethylether)-tetra-acetate (EGTA) at pH 8 (Duggan and Martonosi 1970) and is labelled by Fluram (Hasselbach et al. 1975) . Because membrane-bound calsequestrin does not react with its specific antibody (Stewart et al. 1976), is not readily attacked by trypsin (Stewart and MacLennan 1974; Inesi and Scales 1974) , and is not radio-iodinated by diazotized diiodosulfonilic acid (Yu et ai. 1976) or by other non-penetrating agents (Hidalgo and Ikemoto 1977) , there has been at least equal support for its internal location within the membrane.
In view of these apparently conflicting findings it was the purpose of the work presented here to re-investigate the surface labelling pattern of the main proteins of the SR, in particular the labelling of calsequestrin, and to determine whether or not this pattern could be changed by sUbjecting the membrane to a number of incubation conditions that it might be likely to encounter during the normal functioning of the membrane.
Materials and Methods

Preparation of SR Vesicles
SR vesicles were prepared from rabbit longissimus dorsi muscles by the method of Martonosi et al. (1968) . The final pellets containing the SR vesicles were suspended in 0·25 M sucrose which contained 10 mM tris-HCI, pH 7·5, at a protein concentration of about 20 mg/m!. The SR vesicles were generally used on the day of preparation, but they appeared to be unaffected by storage overnight at 1°C.
Preparation of Calsequestrin
Partially purified preparations of calsequestrin were obtained from rabbit SR vesicles with the use of the methods indicated in Table 1 .
Iodination Procedure
Sarcoplasmic reticulum vesicles
Aliquots of the SR vesicle preparations (1 mg protein) were suspended in a total volume of 0·5 ml of 50 roM tris-maleate buffer, pH 7 ·0, containing the additions indicated in the text. Unless stated otherwise, the samples were left to stand at room temperature (23°C) for 2 min and then were made up to a total volume of 1 ml by the ac!dition of 0·05 ml of Sepharose 4B-lactoperoxidase suspension, approximately 0·1 mCi of carrier-free Na 125 1 and water. The iodination reaction was initiated at room temperature by the addition of 0·01 ml ofafreshly prepared 1· 56 roM H 2 0 2 solution. Two further additions of H 2 0 2 solution were made at 5-min intervals. At 5 min after the final addition the reaction was stopped by the addition of 0·3 ml of 50 roM sodium azide and 1 ml of 0·01 M sodium iodide and was diluted to approximately 5 ml with 0·1 M phosphate buffer, pH 7· O. The Sepharose 4B-lactoperoxidase was removed from the SR vesicles by centrifugation at approximately 500 g for 5 min. The supernatant containing the SR vesicles was removed and diluted to 10 ml with 0·1 M phosphate buffer, pH 7·0, and centrifuged at 135000g for 15 min. The pellet obtained was resuspended in 1 ml of 1 % (w/v) sodium dodecyl sulfate (SDS), 0·01 M phosphate buffer, pH 7·0, and 1 % (v/v) p-mercaptoethanol and boiled for 5 min. The solubilized samples were dialysed overnight at room temperature against 4 x 1 litre of 0·1 % (w/v) SDS, 0·01 M phosphate buffer, pH 7 ·0, and 0·1 % (v Iv) p-mercaptoethano!. p-mercaptoethanol was omitted from the final change of dialysis buffer so that no interference would be caused with the subsequent assays of protein.
Partially pur(fied calsequestrin
Calsequestrin (0·2-0·4 mg protein) was iodinated in 1 m1 of 25 mM tris-maleate buffer, pH 7 ·0, containing 0·05 ml of Sepharose 4B-lactoperoxidase suspension and 1·0 mM Na '25 I (approximately 2 x 10 7 cpm/ limo!) containing either 0 or 1 mM Ca 2 +. The reaction was initiated with H2 0 2 solution as described above and stopped by the addition of 0·3 ml of 50 mM sodium azide. The Sepharose 4B-lactoperoxidase was separated from the soluble proteins as described above and the supernatant was dialysed overnight against 4 x 1 litre of H 2 0 at 1°C and finally into 1 litre of 0·1 % (w/v) SDS in 0·01 M phosphate buffer, pH 7·0, at room temperature. Aliquots of the dialysed samples were taken for electrophoresis, protein determination and y-counting.
SDS-Polyacrylamide. Gel Electrophoresis
Electrophoresis in SDS-polyacrylamide gels [5 % (wjv) acrylamide, 0·135 % (wjv) bis-acrylamidel was done as described by Weber and Osborn (1969) . Proteins were stained with 0·25% (wjv) Naphthalene Black lOB (G. T. Gurr Ltd, London) in 7·5 % (vjv) acetic acid solution. The gels were destained in 7·5 % (vjv) acetic acid solution and then scanned at 500-550 nm in a Kipp and Zonen recording densitometer, Model DD2.
The gels were cut into 1·5-mm slices and the 125 1 content of each slice was determined in a Packard y-counting chamber attached to a Packard liquid scintillation spectrometer, Model 3385. A window of 60-270 divisions and 80% amplification at a high voltage setting of 8545 was used for 125 1 counting.
Protein Determination
Protein concentrations were determined using the method of Lowry et al. (1951) , with bovine serum albumin as a standard.
Preparation of ATP Free of Ca2+ Ions
A commercial preparation of ATP was freed of Ca2+ and other metal ions by column chromatography on Dowex-1 resin, essentially with the procedure described by Glynn and Chappell (1964) . ATP was removed from the column with 0·4 M HCI and was neutralized with solid tris (Aristar; BDH Chemicals Ltd, Poole, England).
Sepharose 4B-Lactoperoxidase
Lactoperoxidase (Calbiochem, San Diego, California) was coupled to Sepharose 4B (Pharmacia, Uppsala, Sweden) as described by Cuatrecasas (1970) . Lactoperoxidase (10 mg lyophilized powder) was reacted with 5 m1 packed volume of activated Sepharose 4B. The coupled enzyme was kept at 1°C in an equal volume of 0·01 M phosphate buffer, pH 7·0, containing a small crystal of thymol and, just prior to use, was washed three times with 0·01 M phosphate buffer, pH 7·0.
Radiochemicals
Carrier-free Na 12 !1 was purchased from New England Nuclear, Boston, Massachusetts. Immediately prior to use an aliquot of the iodide was diluted with an equal volume of 10 pM sodium sulfite solution (Morrison 1974) .
Results
Effect of ATP, Mg2+ and Ca2+ on Membrane Iodination
The distribution of 125 1 amongst the various proteins of rabbit skeletal muscle SR vesicles is shown in Fig. I . Where the iodination was performed in the absence of any further additions (Fig. Ib) , calsequestrin (molecular weight 47000) was heavily labelled as was the Ca2+ pump ATPase (105000) and a protein of high molecular weight, possibly being a dimer of the 105000 protein. However, the high affinity calcium-binding protein (55000) remained unlabelled. Based on data from all experiments done in this way, the specific activity of labelling of calsequestrin was about 5-10 times greater than that of the Ca 2 + pump ATPase (e.g. see Fig. 2 ). Pre-incubation of the SR vesicles with ATP, Mg2+ and Ca2+ prior to the iodination so that the final concentration during the reaction was 5 mM ATP, 5 mM Mg2+ and 0·05 mM Ca2+, resulted in a markedly different pattern of labelling ( Fig. Ie) . In this case the labelling of the calsequestrin was almost completely abolished whereas the Ca2+ pump ATPase remained labelled at about the same extent. Again, there was no labelling of the high affinity calcium-binding protein.
Pre-incubation of the SR vesicles with 5 mM ATP, 5 roM ATP (Ca2+ free), 5 mM Mg2 + , or 0·05 mM Ca 2 + , alone or in various combinations, revealed that the labelling of calsequestrin was completely blocked by any combination where 5 mM Mg2+ was present. Although reduced, significant labelling of calsequestrin was observed in the presence of either 5 mM ATP, 5 mM ATP (Ca2+ free) (data not shown) or 0·05 mM Ca2+. 
Effect of Ca 2 + and Mg2+ Concentrations on Membrane Iodination
As the Ca 2 + concentration in the iodination reaction was increased from 0·5 p,M up to 1 mM, there was a steady reduction in the specific activity of the labelled membrane proteins to about 50% of that found in the absence of Ca 2 + ions (Fig. 2a) . In~estigation of the distribution of the label in the component proteins revealed that the specific activity of iodination of the Ca 2 + pump ATPase remained essentially constant throughout the range. However, the specific activity of iodination of the calsequestrin was the highest at Ca 2 + concentrations at or below O· 5 flM. Above this concentration the iodination decreased until at 0·2 mM and above, the specific activity of labelling was 10-20 times less than that measured in the absence of Ca2+. Halfmaximal inhibition of labelling occurred at approximately 0·05 mM Ca 2 +. The reduction in the total specific activity can be accounted for by the reduction in the labelling of the calsequestrin. The labelling pattern observed with increasing concentrations of Mg2 + was, overall, similar to that found for Ca2+ (Fig. 2b) . The specific activity of iodination of the Ca2+ pump protein remained virtually unchanged over a wide range of Mg2+ concentrations. However, the labelling of calsequestrin was less sensitive to Mg2+ ions than it was to Ca 2 + ions. Labelling remained essentially constant until a concentration of 0·05 mM Mg2 + and then decreased, half-maximal inhibition of labelling occurring at 0·2-0' 3 mM Mg2 +. Complete inhibition was observed only at about 1 mM Mg2 + .
Iodination of Partially Purified Calsequestrin
The sensitivity of the iodination of calsequestrin to Ca 2 + and MgH ions can be interpreted as either an effect of the ion on the membrane as a whole or on the calsequestrin itself. In order to distinguish between these two possibilities, the iodination of soluble partially purified calsequestrin was investigated in the presence and absence of 1 mM CaH (Table 1) . Because soluble proteins in general have many more sites available for iodination compared with membrane-bound proteins and thus become more labelled, it was necessary to use low specific activity NallS!. This did allow, however, the determination of the absolute amount of iodination. Irrespective of the method used to isolate the calsequestrin, the amount of iodination was not affected by the presence of 1 mM Ca 2 +. Approximately 6 mol of iodine was incorporated per mole of calsequestrin. The findings reported here show that the labelling patterns of the proteins of the SR vesicular membrane can be readily altered simply by changing the medium in which the vesicles are suspended during the iodination reaction. Vesicles incubated in buffer alone exhibit extensive labelling of the calsequestrin indicating an external location, whereas those vesicles incubated under conditions where the CaH, pump ATPase would be operating acquire virtually no labelling _ of the calsequestrin. This may have occurred either as a result of movement of calsequestrin from the surface of the membrane or alternatively by rotation of calsequestrin on the surface, in such a way as to conceal the. iodine binding sites. The latter suggestion is unlikely in view of the reduc_ed susceptibility to trypsin and lack of extractability by Triton X-IOO in the presence of Ca 2 + ions as discussed below. The inhibition of labelling of membrane-bound calsequestrin appeared to be relatively non-specific since membrane labelling could be either completely or partially inhibited by ATP, Ca 2 + or MgH. In those studies which support the view that calsequestrin is located within the membrane, the vesicles were treated with the non-permeant labelling agent in the presence of either 0·3 M sucrose (Yu et al. 1976) or 1· 0 M KCI (Hildago and Ikemoto 1977) . On the other hand, where significant labelling of calsequestrin has been shown to occur the reaction has been done in the presence of buffer alone (Thorley-Lawson and Green 1973) or in buffer and a low concentration of glucose (5 mM) (Chyn and Martonosi 1977; Louis and Katz 1977) . It is suggested therefore that the different incubation media used by the various workers might account for the controversy which has existed regarding the location of calsequestrin within the membrane.
Data presented here support the view that under the conditions existing within the muscle cell, when Ca2+ is being accumulated, calsequestrin is located internally within the SR membrane. Although the changes in labelling of calsequestrin would indicate that it has the ability to change from an exposed site to an internal site, these studies with high specific activity iodide do not allow a quantitative assessment of the actual proportion of molecules making this change. However, it seems unlikely that this movement is part of the process occurring during Ca2+ transport across the membrane, because at no stage of the cycle would the ionic conditions be low enough for calsequestrin to assume the exposed position. Chyn and Martonosi (1977) have recently reported a decrease in the iodination of SR vesicle proteins when the vesicles are labelled in the presence of 5 mM MgATp2-and O· 5 mM CaC12 and they suggest that this reduction in labelling might be related to a substrate-induced conformational change in the membrane. Their findings differ slightly from those reported here in that the high affinity calcium-binding protein was labelled nearly to the same extent as was the caslequestrin. A further difference is that the presence of substrates did not completely inhibit the iodination of calsequestrin even though higher concentrations of Ca 2 + were used than in this study. This can possibly be explained by the different iodination system used by Chyn and Martonosi (1977) , where free lactoperoxidase was used. It is known that much higher amounts of iodination and a different labelling pattern result when free lactoperoxidase is used and it has been suggested that internal tyrosine groups are labelled by this procedure (King and Louis 1976) . However, despite these differences this work supports that of Chyn and Martonosi (1977) suggesting that structural changes have occurred.
The use of the lactoperoxidase system for catalysing the iodination of exposed tyrosine groups in membrane proteins has been criticized on the basis that under certain conditions it is possible to generate free radicals of 125 1 which could label interior proteins (Tsai et al. 1973) . In the present study this criticism does not apply as it has been shown that the high affinity calcium-binding protein does not become labelled under any of the conditions used. Further, the labelling of calsequestrin can be completely inhibited simply by changing one component in the iodination medium, i.e. Ca 2 +.
Since it is not readily apparent from the data presented, it should be pointed out that the extent of iodination of the phospholipid-proteolipid component (front of gel) was rather variable, although constant for anyone experiment. For most experiments little or no iodination of that component occurred (see Fig. 1 ), but in others up to 20% of the label appeared there. This did not have any obvious effect on the labelling pattern of the remaining proteins.
An internal location for calsequestrin within the membrane has made it difficult to explain the relative ease with which calsequestrin can be removed from the membrane by various techniques (Duggan and Martonosi 1970; MacLennan and Wong 1971; Ikemoto et al. 1972) . However, the results given here show that under the conditions generally used for removing calsequestrin, i.e. low Ca2+ concentrations, the calsequestrin is located on the outside of the membrane, thus allowing its ready removal. When theCa 2 + concentration is maintained high (4 mM), Triton X-lOO is ineffective in extracting calsequestrin from the membrane (Ikemoto et al. 1974) .
The specific activity of labelling of membrane-free calsequestrin is not affected by the presence of 1 mM Ca 2 +. Therefore, the changes observed in intact SR vesicles are likely to be the result of a gross movement of calsequestrin itself or shielding by other proteins and phospholipids, rather than inhibition of the sites of iodination by Ca2+ ions. This is supported by the work of Stewart and MacLennan (1974) who found, that soluble purified calsequestrin is almost completely degraded by trypsin in both the presence and absence of 4 mM Ca 2 +. They observed, on the other hand, that 4 mM Ca 2 + protects calsequestrin in SR vesicles from tryptic digestion, whereas in the absence of Ca2+ ions calsequestrin was slowly digested. The binding of Ca 2 + and Mg2 + ions to soluble calsequestrin has been shown to induce conformational changes in the protein, as indicated by fluorescence spectra, absorption difference spectra and circular dichroism (Ikemoto et al. 1972; Ostwald et al. 1974) . The lack of an apparent effect of Ca 2 + on the soluble calsequestrin preparation as measured by iodination and susceptibility to trypsin does not necessarily mean that Ca 2 + was without effect, but simply that these techniques were not sensitive enough to detect those changes reported by (1972) and Ostwald et at. (1974) . The similarity of the dissociation constant, 0·05-0·07 mM Ca2+, found by Ostwald et al. (1974) for soluble calsequestrin and the value of approximately 0·05 mM Ca2+ for half-maximal inhibition of calsequestrin labelling in SR vesicles strongly suggest that the binding of Ca 2 + to calsequestrin itself is responsible for the changes observed. It is possible that as calsequestrin binds Ca2+ it becomes less charged and can penetrate more deeply into the membrane.
